Quark-Gluon plasmas produced in relativistic heavy-ion collisions quickly expand and cool, entering a phase consisting of multiple interacting hadronic resonances just below the QCD deconfinement temperature. The transport properties of this hot hadron gas are poorly understood, yet they play an important role in our ability to infer transport properties of the quark-gluon plasma, because experimental measurements integrate over the whole system evolution. Assuming that the hot hadron gas can be modeled by a hadron cascade code based on kinetic theory assuming binary interactions, the shear viscosity over entropy ratio of a hot hadron gas for temperatures in between 120 MeV and 170 MeV is extracted. Furthermore, we present estimates for a second order transport coefficient, the shear viscous relaxation time at a temperature of 165 MeV.
The theory of strong interactions, QCD, predicts that at temperatures exceeding T c 170 MeV, ordinary hadrons dissolve into their constituents creating a state of matter called the 'quark-gluon plasma'. From firstprinciple lattice QCD studies, it is known that the transition from confined quarks and gluons (hadrons) to the deconfined quark-gluon plasma is not a true, sharp phase transition but rather an analytic cross-over transition [1, 2] . Relativistic heavy-ion collisions, conducted at different collision energies at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC) aim at understanding the properties of QCD matter by creating quark-gluon plasmas at temperatures up to ∼ 450 MeV, which then expand and cool to temperatures close to T c within a time of τ 0 ∼ 10 fm/c (10 −22 seconds). Below T c , quarks and gluons are thought to confine into color-neutral objects (hadrons and hadron resonances) in a process called hadronization which is still not understood in detail. This hadron gas then continues to expand and cool, with the different hadrons scattering, decaying and merging for several tens of fm/c, before the stable remaining particles cease to interact and are eventually recorded by the experimental detectors. With the possible exception of direct photons and dileptons, all experimental information on the transport properties of hot QCD matter must be extracted from these final state hadrons.
From the creation to the time of last particle interaction, the systems created in heavy-ion collisions spend most of their lifetime in the hadronic gas phase. As such, inferring properties of the quark-gluon plasma phase from the measured particle spectrum with good precision naturally requires good understanding of the properties of the hadron resonance gas. While this is arguably the case at low temperatures where the system is well approximated as a gas of only pions [3] [4] [5] [6] [7] [8] , at temperatures close to T c the properties of this hadron resonance gas are poorly known. Standard modeling procedure in heavyion collisions (which will also be used here) employs socalled hadron cascade codes to describe the hot hadron gas, which essentially consist of a kinetic theory simulation including all the hadronic resonance states found in the particle data book. Despite residual uncertainty in this model which arises from poorly known cross sections in the temperature regime close to T c , this approach is considered the best current available model. However, very little is known about its transport properties close to T c . Two studies in the literature attempted to extract the value of shear viscosity over entropy density η/s from a particular hadron cascade code (URQMD, Ref. [9] ), using different techniques, and finding inconsistent values [10, 11] . The present work is meant to fill a gap in our understanding of the hot hadron gas by providing procedures to extract transport properties from hadron cascades, and discuss findings in relation to our knowledge about transport in hot nuclear matter. The specific goal is to examine the details of the stress-energy tensor to reliably extract effective viscosities. Since experimental measurements in heavy-ion collisions deliver observables that are time-integrated over quark-gluon plasma and hadron gas phase, detailed knowledge of the hadron gas transport properties are necessary when aiming at precision studies of quark-gluon plasma properties. The main aim of this letter is to deliver quantitatively reliable results on one of these transport parameters, the shear viscosity.
METHODOLOGY AND RESULTS
Ideally, one would want to perform extractions of transport coefficients using standard procedures such as Kubo relations, which rely on measurements of energymomentum tensor correlators close to equilibrium with infinitesimally small velocity gradients. In such definitions the viscosity can be dominated by a single mode of the fluid that equilibrates very slowly, even if only a fraction of the fluid is in that mode. A more operational definition of the viscosity is to consider the the deviation of the stress-energy tensor from equilibrium in response to a velocity gradient. For our case we consider a velocity gradient of the scale encountered in the hadronic stage of a heavy-ion collision, at a time τ 0 ≥ 10 fm/c. This velocity gradient can be controlled by considering a one-dimensional boost-invariant, or Bjorken, expansion, v z = z/t, with translational invariance in the x − y plane [12] . All local intrinsic quantities then depend solely on the "proper time" τ ≡ √ t 2 − z 2 . In viscous hydrodynamics, the stress tensor in the Landau-Lifshitz frame may then be decomposed uniquely as
using the local energy density , pressure P , fluid four velocity u µ , (traceless) shear stress π µν and bulk stress Π, as well as the (mostly minus signature convention) space-time metric g µν which is used to define the projector ∆ ab = g ab − u a u b . The constitutive relations for arbitrary uncharged fluids have been worked out in full generality to second order in gradients in Ref. [13, 14] (see also Refs. [15, 16] ) for special cases of weakly and strongly coupled fluids). Rewriting the equations in terms of evolution equations for Π and Muronga's Φ = −π zz [17] one finds
which are correct up to (including) terms of order
. Besides the familiar shear and bulk viscosities η, ζ, Eqns. (2) also contain second-order transport coefficients τ π , τ Π , τ * π , λ 1 , ξ 1 , ξ 2 which will affect the dynamical evolution if the system experiences strong gradients or the shear and bulk stresses Φ, Π are not close to their hydrodynamic equilibrium values (the first term on the r.h.s. of Eqns. (2), respectively.
For this study, the cascade code B3D [18] was initialized over a large transverse area so that the properties near x = y = 0 were unaffected by the boundary, and properties about the stress tensor are extracted at midrapidity (z = 0). The cascade was initialized with particles consistent with thermal and chemical equilibrium, but with the initial momentum distribution modified using the method in [19] to adjust the initial anisotropy of the stress-energy tensor. The shear stress deviation of the stress-energy tensor is given by
where V is the simulated space volume and the sum is over all hadron resonances in the particle data book with masses up to 2.2 GeV.
For small velocity gradients 1 τ T 1, corresponding to the Navier-Stokes regime, Φ and Π are well approximated by the first terms in Eq. (2), respectively. For the shear sector, using the entropy density s, one may thus attempt to extract the temperature-dependent ratio η/s directly from plotting where the time derivative of the shear stress vanishes (compare Fig. 2) . Fig. 1) . The result thus obtained should be unchanged when initializing the hadron cascade code at later times at the same initial temperature, and we have verified this explicitly by choosing to initialize at τ 0 = 40 fm/c instead of τ 0 = 10 fm/c. Before commenting on a second method to extract η/s in the hadron phase, let us briefly digress to discuss the bulk stress sector.
In principle, one should be able to extract the temperature dependent ζ/s value in the hadron gas by considering the estimator Πτ s as a function of temperature. Unfortunately, to obtain Π we require knowledge about the pressure P in the hot hadron gas, which is complicated by the fact that some hadronic species may be in the process of becoming chemically frozen (partial chemical equilibrium, cf. Ref. [20] ). Since we lack accurate quantitative knowledge of the chemically non-equilibrium pressure, this introduces a large systematic error in Π and hence our estimator for ζ/s. In particular, we have checked explicitly that using the chemically equilibrated pressure of a hadron gas is not adequate to extract accurate information about Π. Without detailed quantitative knowledge of the partially chemically equilibrated equation of state applicable to the hadron gas at high temperature, we do not have a viable method to obtain information about ζ/s. Thus we are not able to report on results in the bulk sector in this work, but intend to revisit the bulk viscosity of a hot hadronic gas in a future study.
A second method to extract η/s is to initialize the system with different initial values for Φ, and should then observe its relaxation towards the Navier-Stokes result. at τ0 = 40 fm/c as a function of the initial anisotropy Φ, for various initialization temperatures Tinit = T (τ0) (symbols). The values for which the derivative vanishes (partly obtained by linear extrapolation, full lines) point to Φ being equal to its Navier-Stokes value, which can then be used to determine η/s at T (τ0).
To this end, note that Eq. (2) can be rewritten as
The left hand side of Eq. (4) will vanish if the initial value of Φ will equal the Navier-Stokes value. Once one finds this value, the shear viscosity is then given by the estimator 3Φτ 4s . Figure 2 demonstrates how the NavierStokes value of Φ was determined by plotting the derivative ∂ τ Φ +P at τ 0 = 40 fm/c as extracted from the simulation. The location where the derivative vanishes then graphically points to the viscosity to entropy ratio. Note that Method II is more sensitive to higher order gradient corrections than Method I and hence we have to choose τ 0 > 20 fm/c to obtain accurate results.
Using results from Method I and II, we obtain an estimate for the viscosity of a hot hadron gas with temperatures between 120 MeV and 170 MeV given by
This is our main result. The extracted viscosity is very much in line with rough expectations from the Kubo formula if one believes that the correlation between deviations of the stress-energy tensor decay in approximately two collision times. However, compared to results in the literature, we find much smaller values for η/s than Ref. [10] , and somewhat larger values than reported in Ref. [11] . The discrepancy with respect to Ref. [11] could be due to the fact that Ref. [11] initialized their hadron cascade at T SW = 170 MeV, thus being very sensitive to the transients also seen in Fig. 1 . We do not have an explanation for the discrepancy with respect to the results obtained in Ref. [10] .
Once a value for the shear viscosity over entropy ratio is found, we may also attempt to extract second order transport coefficients such as the shear viscous relaxation time. To this end, we rewrite Eq. (4) as
and plot τ π T at T (τ 0 ) as a function of initialization values for Φ for various values of η/s. The result at T = 165 MeV is shown in Fig. 3 , suggesting that τ π T is consistent with two, which implies a ratio of τ π T s/η at the high end of values reported in Ref. [21] . Note that our result seems consistent with the findings of Ref. [22] for a hot gas of π, η, ω, ρ and φ mesons. However, the accuracy of our method needs to be improved in future studies to draw firmer conclusions on the value of second order coefficients in the hot hadron gas.
CONCLUSIONS
In this work, we have studied transport properties in the hot hadron gas by measuring the energy-momentum tensor in a hadron cascade simulation undergoing longitudinal expansion. We were able to extract a temperature dependent value of the shear viscosity over entropy density for temperature between 120 and 170 MeV. We furthermore investigated the possibility of extracting the bulk viscosity and second-order transport coefficients in the hot hadron gas. While partial chemical non-equilibrium effects seem to prohibit us from extracting ζ/s, we were able to extract an estimate for the shear viscous relaxation time at T = 165 MeV. Many aspects of our work can be improved in a straightforward manner and we expect our methodology to be useful in quantitative studies of transport in the hot hadron gas in the future. 
